A clone encoding Golgi mannosidase TI (MII; GlcNAc-transferase I-dependent al,3(al,6) mannosidase), an enzyme involved in asparagine-linked oligosaccharide processing, was isolated from a rat liver Agtl1 cDNA library by a method that employs a modification of the polymerase chain reaction. Specific oligonucleotide primers were designed from two regions of protein sequence and were combined in an amplification reaction with a single-stranded cDNA preparation derived from rat liver poly(A)+ RNA. Based upon mapping of the protein sequences 42 kDa apart on the MU polypeptide, the procedure was expected to generate an =4150-base-pair amplification product representing a segment of the MU gene between the two primer regions. The size of the amplified product (1170 base pairs) was in close agreement with this predicted fragment size. The authenticity of the amplified fragment was confirmed by the agreement ofthe DNA sequence with additional protein sequence data. A 1474-base-pair clone was isolated from a cDNA library by plaque hybridization using the amplification fragment as a radiolabeled probe. The nucleotide sequence of this clone predicts a single continuous open reading frame and, based upon a polypeptide molecular mass of 117 kDa for the enzyme subunit, is consistent with the clone representing "50% of the coding sequence of MI. Both the clone and the amplification product hybridized to a rat liver mRNA of -8 kilobases, a message size -4.7 kilobases larger than the size of the predicted open reading frame. This extensive non-coding information on the MU message is a feature common to two other Golgi processing enzymes, both of which contain most of the non-coding information on the 3' end of their messages. The function of these disproportionately large untranslated regions is not clear.
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Mannosidase II (MII; GlcNAc-transferase I-dependent al,3(al,6) mannosidase) is a resident enzyme of the Golgi complex where it catalyzes the committed step in the maturation of asparagine-linked oligosaccharides from oligomannose structures to exclusively complex type structures (1) . Glycoproteins entering the Golgi complex contain oligomannose structures and can be acted upon by Golgi mannosidase I, which removes the al,2-mannosyl residues yielding a Man5GlcNAc2 structure. After addition of a single GlcNAc by GlcNAc transferase I, the final hydrolytic step in the pathway is the specific removal of al,3-and al,6-linked mannosyl residues by MII to generate the GlcNAcMan3Glc-NAc2 core. The oligosaccharides are then extended to mature complex structures by a variety of Golgi transferases (2) . The essential role of MII in the oligosaccharide processing pathway has been demonstrated both in vivo and in vitro by the use of swainsonine, a specific inhibitor that causes the accumulation of hybrid type oligosaccharides in place of complex type structures (3).
The enzyme has been purified and extensively characterized from rat liver where it resides in the Golgi complex anchored through an NH2-terminal transmembrane domain (for review, see ref. 1). The catalytic center of the enzyme faces the lumen of the Golgi complex but can be released in a soluble form from permeabilized membranes after digestion with chymotrypsin (4) . This soluble 110-kDa digestion product is catalytically similar to the intact enzyme purified from Golgi membranes but differs in NH2-terminal protein sequence and lacks the hydrophobic character, and presumably the membrane-spanning domain, of the intact enzyme (5) .
To determine the mechanism by which MII is selectively maintained within the Golgi complex, we have isolated a clone encoding rat liver MII by a modification of the method originally developed by Lee et al. (6) . This method employs mixed oligonucleotide primers derived from protein sequence data and the polymerase chain reaction (PCR) to generate a double-stranded cDNA probe from a heterogeneous single-stranded preparation of cDNAs. The probe has been subsequently used to isolate a partial clone for MII. Hybridization studies with rat mRNA have also revealed several aspects about the message size and organization* that may be common to two other previously cloned Golgi enzymes (11, 17) .
MATERIALS AND METHODS
Protease Digestion and Protein Sequence Analysis. The 110-kDa MIT chymotrypsin digestion product was purified from rat liver Golgi membranes by phase separaton in Triton X-114 followed by cation-exchange chromatography as described (5). The homogeneous enzyme preparation (125 Ag) in 20 mM Tris-HCl (pH 7.7) was digested with 1 ,g of endoproteinase Lys-C (Boehringer Mannheim) in a volume of 200 Al for 30 min at 37°C. The reaction was terminated by heating to 65°C for 10 min in NaDodSO4/gel electrophoresis sample buffer (4) . Processing of the digestion products and protein sequencing was carried out essentially as described by Matsudaira (7) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (8) . Purification of poly(A)+ RNA by oligo(dT) chromatography was performed as described (9) . For some experiments total RNA was fractionated on sucrose gradients (10) Library. An isolation procedure using the amplification protocol as a diagnostic test of A phage library pools was used to enrich for the clones containing the PCR-1 fragment. Briefly, 120 minilysates were prepared, each containing -20,000 plaque-forming units of a rat liver Agtll cDNA library (RL1001b, Clontech) and -4 x 107 Y1090 host cells in 1 ml of LB broth containing ampicillin (50 ,ug/ml; LB/amp). The cultures were grown at 42°C for S hr with constant agitation, and culture supernatants, containing phage titers of -3 x 109 plaque-forming units/ml, were used as source material to generate phage pools for amplification. Aliquots of the minilysates, representing 2.5 x 106 plaque-forming units each, were pooled in groups of 10 and used to generate a pool lysate from a culture containing 109 Y1090 host cells in 30 ml of LB/amp. The phage DNA was isolated by adsorption to immobilized anti-A phage antibody (LambdaSorb, Promega) as described by the manufacturer. The DNA was resuspended in water and was used directly for PCR amplification using the primers shown in Fig. 2 . The amplification products were resolved on an agarose gel and three pools were identified as positive for the amplification of the MII-specific product PCR-1. Phage in other aliquots from the original individual minilysates that had contributed to the three positive lysate pools were individually grown and the phage DNA was isolated as above. Three of the resulting minilysates were positive for amplification of PCR-1. These three lysates were plated on Y1090 host cells and screened by plaque hybridization by standard procedures (13) (Fig. 1) . The cysteine residue in position 9 of site 1 was inferred from the lack of recovery of a phenylthiohydantoin derivative on this cycle and the lysine residue at position 1 of site 2 was inferred from the specificity of endoproteinase Lys-C. The significance of the trace recovery of phenylalanine at position 16 of site 2 is discussed in Results.
The guidelines used in the MII primer design (Fig. 2) were arbitrarily determined based upon strategies used in oligonucleotide probe design. Deoxyinosine was substituted in positions where the codon degeneracy was >2. This included two serine residues in the site 2 protein sequence that were substituted with deoxyinosine at all three positions of the triplet codon. Mixed pairs of bases were used at positions where there was no preference between two triplet codons (<70% codon preference from a rat codon usage table). The site 1 and site 2 primers each had four positions with mixed bases resulting in a 16-fold mixture of sequences for each primer. Positions where a single triplet codon was preferred >70% based upon codon usage were synthesized as a single triplet codon.
Several cDNA synthesis conditions and RNA preparations were tested as templates for the primer-directed amplification of the predicted 1150-bp fragment. Under all conditions, a primer-dependent fragment (PCR-1) ofthe predicted size was produced (Fig. 3) , although quantitative differences among the template preparations were found. cDNA preparations generated by random primers were ::-10-fold more effective as templates for amplification than oligo(dT)-primed cDNA preparations (data not shown). When the original RNA preparation was enriched for mRNA >3 kb, the magnitude of this difference was considerably diminished (Fig. 3, lanes 2  and 3) . Similar results were also obtained in control reactions using exact-match primers specific for a2,6-sialyltransferase (data not shown). The difference in priming efficiency presumably results from the fact that the cDNA synthesis from oligo(dT)-primed reactions must extend =7 kb for MII and =4 kb for sialyltransferase to reach the 5' primer sites (see Discussion). Removal of the more abundant low molecular mass RNA species would presumably reduce the competition for reverse transcriptase and improve the apparent extension efficiency ofthe oligo(dT)-primed cDNA synthesis reactions.
Subcloning and Sequencing of the Amplification Product. Attempts to subclone PCR-1 directly into pUC or M13 vectors as a blunt-ended fragment or using the restriction endonuclease sites designed into the 5' ends of the primers were unsuccessful until the ends of the purified fragment were filled in with T4 polymerase prior to subcloning. The resulting subclones were variable in length along the primer region. It is our hypothesis that while Taq polymerase efficiently uses deoxyinosine-containing oligonucleotides as primers, it does not use deoxyinosine-containing primers efficiently as templates. As a result, the amplified fragment represents a collection of incomplete extension products across the primer region. Although this hypothesis has not been tested, the subcloning problem is readily resolved with the T4 polymerase reaction to create a blunt-ended cDNA fragment.
Only a portion ofthe protein sequence from site 1 was used in the primer design. As shown in Fig. 1 , the remainder should be within the amplified region and could be used as confirmation that PCR-1 is a MII-specific amplification product. These additional 18 amino acids from site 1 were found to be in complete agreement with the sequence derived from PCR-1 (Fig. 4) . The size of the amplification product (1170 bp) was also in close agreement with the expected size based on the protein sequence mapping.
Among the several subclones that were sequenced in the primer region, there was variability in recovery of the primer region, as discussed above. In addition, there was also an occasional variability in the DNA sequence among the several subclones (average deviation from the consensus of 0.5 bp/100 bp). This value is consistent with the previously characterized misincorporation rate of Taq polymerase during multiple rounds of amplification (14, 15) . A comparison of the PCR-1 consensus sequence with a Agtll clone spanning the entire PCR-1 region (AMII-1, see below) revealed only two differences in the 1080-bp region between the two primers, reflecting a high degree of fidelity for the overall amplification. These two differences presumably reflect a misincorporation by Taq polymerase early in the amplification process.
Isolation and Sequencing of a Partial MU cDNA Clone. Initial experiments suggested that the abundance of clones containing the PCR-1 fragment was quite low in all of the cDNA libraries tested. To isolate clones containing the PCR-1 fragment, we performed an enrichment procedure of phage pools using the amplification of the PCR-1 fragment as a diagnostic test. This procedure detected 3 pools out of 120 pools that were positive for PCR-1, a 40-fold enrichment prior to plate screening. Subsequent isolation of the clones from each of the phage pools by plaque hybridization using labeled PCR-1 as a probe revealed that all of the clones were identical. These results suggest that this cDNA library contains only one clone spanning the entire PCR-1 fragment length. This clone (AMII-1) was isolated, subcloned, and sequenced (Fig. 4) . The sequence reveals a single, continuous open reading frame of 1474 bp extending the full length of the clone, including both protein sequence sites, and is consistent with this clone representing 50%o of the coding region of the MII gene. No similarities were found between AMII-1 and any of the sequences in the GenBank (release 55.0) or the National Biomedical Research Foundation protein or nucleic acid sequence data bases (releases 15 and 32, respectively).
Comparison ofthe AMII-1 clone with the primer sequences revealed that two of the eight decisions based on codon usage had resulted in base-pair mismatches between the template and the primer. In addition, residue 16 in the protein sequence of site 2 was originally determined to be isoleucine, with a trace recovery of phenylalanine. The PCR-1 sequence was consistent with the isoleucine determination, but the AMII-1 sequence had a 1-bp mismatch yielding a phenylalanine at this position. This discrepancy may represent a natural polymorphism at this site since the enzyme, RNA, and the cDNA library were all derived from pooled livers of the same outbred strain of rat. Futher analysis will be necessary to confirm this point. After the subcloning of PCR-1, positions originally occupied by deoxyinosine in the PCR primers were found to be converted to deoxyguanosine residues (Fig. 4) . Presumably this results from Taq polymerase matching deoxycytidine with the deoxyinosine during the PCR extension reaction.
Northern Blot Analysis of Rat mRNA. The PCR-1 fragment (Fig. 5) Lee et al. (6) . The main advantage of this MOPAC procedure is in the direct production of large cDNA fragments using oligonucleotide primers generated from protein sequence data. The sensitivity and specificity of the amplification procedure is demonstrated in Fig. 3 by the production of >1 ,ug of MII-specific products from -60 ng of poly(A)+ RNA. These amplification fragments can then be used as probes in the high-stringency screening of cDNA librarires (6) Several modifications of the original protocol were introduced to allow the effective production of large amplification products that were derived from the two separate regions of protein sequence. Taq polymerase, rather than DNA polymerase I (Klenow fragment), was used to catalyze the amplification, allowing the high temperature conditions of annealing and elongation to generate unambiguous products >1 kb long (14) . The amplification products were readily detected by ethidium bromide staining prior to subcloning, obviating the need for detection by Southern blotting. The primers were substantially longer than those used by Lee et al. (6) and ambiguous positions of codon degeneracy were extensively substituted with deoxyinosine (14 and 26%, respectively, for the 5' and 3' primers) to reduce primer degeneracy (16) . Subsequent studies using analogous amplification conditions have demonstrated that primers containing as much as 30% deoxyinosine substitution (in a 30-mer primer) at each end of an amplification fragment can successfully generate specific amplification products (unpublished data). These results suggest that the MOPAC protocol is an effective general procedure for the production of specific amplification products from two non-contiguous protein sequences, each -8-10 amino acids long, assuming the gene segment between the two primer regions is not beyond the 2-to 3-kb limit of the amplification methodology. Amplification ofthe MII PCR product could be considered an appropriate test of the limit of this approach since the message abundance is expected to be quite low (=0.05% of the total cell protein), the message size is large (-8 kb), and the amplified fragment is >1 kb.
A lower recovery of amplification products was observed when oligo(dT) was used as a primer of the initial cDNA synthesis reactions instead of random hexamer primers. Since MII and sialyltransferase contain a significant amount of 3' non-coding information on their messages (-4.5 kb and 3.2 kb, respectively; see below), and the oligo(dT)-primed reactions must extend through this entire 3' region as well as the entire coding region to reach the 5' primer sites, the lower efficiency of these reactions relative to the random-primed syntheses would be expected.
The MII amplification product was confirmed as an authentic MIT gene fragment both by correspondence with the predicted size and by the agreement of the DNA sequence with an additional 18 terminal anchor orientation appears to be common with two other Golgi enzymes, pl,4-galactosyltransferase (17, 18 ) and a2,6-sialyltransferase (11) . All three enzymes also contain a proteolytically sensitive region on the lumenal face of the Golgi membrane allowing the release of soluble, catalytically active forms of the enzymes either in vivo or in vitro (4, 11, 17, 18) . The similarities among the three Golgi enzymes also extends to mRNA organization. While a MIT message size of -8 kb is substantially larger than would be required for a polypeptide of 117 kDa, both galactosyltransferase and sialyltransferase are encoded by messages that are -3.4 times larger than their respective -1.2-kb open reading frames (11, 17) . Both transferases contain >90%o of the extra non-coding information on the 3' end of their messages. Although the 3' sequence of murine galactosyltransferase has been determined and has been shown to contain mouse repetitive elements, the significance of the disproportionately large message size for this enzyme, as well as the other two Golgi enzymes, is not clear (17) . The similarities among these three enzymes suggest that the general features of orientation, topology, and gene organization may extend to the entire class of enzymes involved in Golgi modification events. A further test of this hypothesis will await the cloning and characterization of additional Golgi enzymes.
